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EFFECT OF A BALLAST ZONE ON THE HYDRAULIC STABILITY
OF A DIRECT-FLOW STEAM GENERATOR '

I. I. Belyakov, M. A. Kvetnyi, . UDC 621.18:039:532.5
and D. A. Loginov

-

Hydraulic stability analysis is an important stage in the designof a direct-flow heat
exchanger, in particular a steam generator in a nuclear power plant, as one has to consider
the channels in the heating surface and the characteristic working conditions. Two main forms
of flow instability occur in a boiling channel: static or aperiodic and dynamic or oscilla-
tory [1, 2}. The numerous factors governing the occurrence of unstable modes include the ef-
fects of the mode of heating, about which least is known. The available analytic relationships
resemble most experimental results in corresponding to the conditions of radiative or elec-
trical heating, and if one uses them t6 evaluate the stability in convective heating, there
may be substantial quantitative or qualitative errors. When heat is transferred by convec-

_ tion, there is an interaction betweeh the surface temperature and the heat flux, which may,

on the one hand, shift the boundaries for unstable modes and on the other may give rise to
new mechanisms for instability in the system formed by the hot and cool media.

We have performed an analysis of the hydraulic stability in a direct-flow steam generator
heated by liquid sodium, which has shown that puslating states can occur at low loads, which
arise by mechanisms different from known: ones and which substantially influence these forms
of instability. Here we consider this phenomenon, which largely determines the choice of
steam-generator working parameters. . ‘

The medium in a direct-flow steam generator can be divided into three parts in accordance
with the phase state of the working (cooling) medium: the economizer, the evaporator, and the
steam superheater. The boundaries between the parts shift in accordance with the mode of op-
eration. When the load on the steam generator falls, there are reductions in the flow rates
of the heating medium and the working one and corresponding reductions in the amount of heat
transferred, which means that the economizer and evaporator zones tend to shorten and the
length of the superheating part increases, since the total surface in the heat exchanger re-
mains constant. Above a certain load, part of the surface is, as it were, switched out of the
heat transfer because of temperature reduction in the heating and working media. This part
of the surface has small temperature differences and is called the ballast zone. It usually
lies in the exit section of the superheating part. In a steam generator employing the coun-
tercurrent principle, this form of heating-zone redistribution on load reduction is the most
frequently encountered, but not the only one. A certain combination of the temperatures and
flow rates of the heating and working media can cause a considerable enlargement of the econ-
omizer-evaporatof’part, while the superheating part shortens. In that case, the ballast zone
lies in the region of transition from the economizer to the evaporator. Although the bounda-
ries of the ballast zone are defined only nominally, calculations show that the main section
of the ballast zone lies in the economizer part. This is evidently due to a marked increase
in the heat-transfer rate in the boiling part. Therefore, this is called the economizer zone.

Figure 1 shows the T-H diagram (T is temperture and H is heating surface), which indi-
cates the limiting possible forms of the heating zones in a direct-flow generator working at
low load (with an extensive ballast zone). ' To demonstrate when the particular forms occur, we
consider the heat-balance equations for the evaporator-superheater part for a fixed heating-
diagram temperature T, at the inlet to the generator.

The maximum amount of heat that can be transferred between the media in this part is

Q=G(I,—1y), | | (1)
where G is the flow rate of the heating medium and I, is its enthalpy at T,.

Translated from Atomnaya Energiya, Vol. 58, No. 3, pp. 155-159, March, 1985. Original
article submitted March 20, 1984. :
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Fig. 1. T-H diagram for a steam generator
operting at low power with a-ballast zone
in the superheating part (a) and in the
economizer-evaporator part (b): 1-3)
economizer, evaporator, and superheating
parts correspondingly; 4) ballast zone.
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Fig. 2. Dependence of kE¥ on pressure of
the working medium p and heating-medium
temperature at the inlet to the generator
T1;~a) heating medium pressurized water,
MPa: 1) 3; 2) 5; 3) 7; 4) 9; b) heating
medium sodium: 1) 6; 2) 10; 3) 14; 4) 18.

The enthalpy Ig is determined from the saturation temperature of the working medium tg,
which is the lower bound to the heating-medium temperature in the evaporator part.

The heat-balance equation for the working medium is
Q:D(ig'—i’)v ) (2)

where D is the working medium flow rate, while i, and i' are the enthalpies of the medium at
“the exit from the generator and of water on the saturation line correspondingly. We equate
the right sides of (1) and (2) to get after algebraic transformation that : :
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' tg.=i'+(GID) (I, ~I). (3)

The temperature of the working medium tg at the exit from the generator corresponding

to ig may be less than T;; in that case, the temperature of the heating medium tends to tg

in tﬁe region of transition from the economizer to the evaporator (near the point i'). This
part will also be the zone of small temperature differences, namely the ballast zone (Fig.
1b). The larger T, - tg, the shorter the superheating part, and consequently, the larger
the -ballast zone. As the flow rate of the heating medium increases under otherwise con-
stant conditions, tg will tend to T,;. The superheating part will then enlarge, and at some
instant one gets another form of the T—H diagram (Fig. la), i.e., the ballast zone transfers
from the economizer part to the superheating one. The transition will corresponds to a cer-
tain limiting ratio of the flow rates of the heating and working media, which is defined by
(3), where the condition is tg = Ty: @

k5" = (GID)cx=(ig— i"W(I, — I),
where ig corresponds to tg = T,.

It follows from (4) that kﬁr in the general case is dependent on three parameters: the
heating-medium temperature at the inlet, the pressure of the working medium, and to a smaller
extent the pressure of the heating medium. Figure 2 shows the relationship

cr
kp =1(p, Ty),
where p is the pressure of the working medium.

If G/D is less than the critical value, there is an economizer ballast zone, while
otherwise there is a superheating one.

We consider the mode of operation with an economizer ballast zone subject to the con-
dition that thetemperature difference at the outlet is T, — tg = 5°C; if there is a random
rise in T, by several degrees, kT also alters, and if the condition is initially G/D < k&Y
G/D may exceed the critical value after the temperature rise, so the ballast zone transfers
from the economizer part to the superheating one. Therefore, with a given ratio of the flow
rates, the displacement of the ballast zone may be caused by temperature change in the heat-
ing medium &t the inlet. )

>

This means that when the generator works at low load with a ratio of the flow rates close
to the critical value, it is possible for the ballast zone to transfer from the superheater
part to. the economizer one or vice versa in response to random fluctuations in the working
parameters (flow rates and temperatures of the heatingand working media), i.e., the opera-
tion near the point corresponding to the critical ratio with an extended ballast zone is un-
stable.- The displacement of the ballast zone leads to alternating coverage of much of the
surface either by two-phase mixture or by superheated steam, as is evident from the forms
of T-H diagram in Fig. 1. This causes fluctuations in the tempertures of the generator
tubes, as well as a nonstationary heat-transfer crisis, and it may lead to the steam—water
mixture being ejected into the collector if the size of the superheating part is small. The
latter is dependent on the dynamic characteristics. It is clear that the economizer ballast
zone will be of pronounced type for a certain finite temperature difference

nimtg > Atmixi- . (5)

_‘One'can assume nominally that Atpip is 3-5°C, so oscillation is possible in the pres-
ence of sign-varying perturbations of finite magnitudes such that (5) is obeyed.

The dynamic characteristics will evidently be determined by the perturbation propaga-
tion rate and perturbation duration. If the effect is caused by changes in flow rate in
the heating or working media, the perturbation propagation rate will be the speed of sound.
The rate -of propagation for a temperature perturbation is determined by the transport delay
(with allowance for the axial thermal conduction for liquid metal). Therefore, the dura-
tion of the transient response and the degree of overshoot may differ substantially between
the two cases. As displacement of the ballast zone is related to the conversion of large
volumes of liquid to vapor and vice versa, much of the liquid phase may be in the superheated
state if the perturbation propagation speed is high, and the process will be accompanied by
explosive boiling, which also leads to ejection of the steam—water mixture into the collector.

In a direct-flow generator heated by water under pressure, the ratio of the flow rates
usually substantially exceeds the critical value, so in practice modes of operation involv-
ing economizer ballast length of the superheater part is then substantially reduced, the
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Fig. 3. Effects of ballast-zone displace-
ment on the hydraulic characteristic (a) and
temperature distribution in the working me-
dium along the tube as affected by flow-rate
change (b): dashed line) heating-medium flow
rate G = 1.05 Gpops 1-6) values of 0.8, 0.9,
1, 1.1, 1.2, and 1.3 times Dpgy correspond-
ingly.

pressure difference is reduced, i.e., the hydraulic characteristic has a multivalued region.
Figure 3 shows calculations for a direct-flow generator heated by liquid sodium in which the
heating surface takes the form of spirals (mean winding diameter 0.15 m) for 257 load [4].
The temperature distribution in the working medium shows that there is a flow-rate range for
it (near the critical point) where there ‘is a sharp enlargement in the economizer-evaporator
part of the heating surface (Fig. 3b). As the hydraulic resistance in that state is deter-
mined by the frictional losses, and the contribution from the other components to the pres-
sure difference is small, the shortening in the superheating part leads to a multiple-valued
hydraulic characteristic (Fig. 3a). It is clear that if one evaluates the static stability
on existing recommendations at constant heat uptake, one cannot detect the effects of the
ballast zone on the hydraulic characteristics.

The steeply falling part on the characteristic makes it difficult to employ any design
measures to stabilize the system. For example, when one is choosing throttling devices at
the inlet to the heating-surface channels, the necessary local-resistance coefficient may
be so large that the generator resistance in the nominal state becomes impermissibly great.
In that case, evidently, one should strive not to stabilize the hydraulic characteristic as
a whole but to extend the region of single-valued behavior around the working point (with
the nominal flow rate for the working medium at the given load). It is then necessary to
increase the flow-rate ratio (for example, by altering the flow rate of the heating medium)
to provide a large margin from the critical value. Figure 3a (dashed line) shows calcula-
tions related to increase in the heating-medium flow rate, which show that an increase of 5%
in that rate substantially extends the region of single-valued behavior in the hydraulic
characteristic near the working point. '

The above results have been obtained from calculations and theoretical analysis of the
hydraulic stability at low power. No special experiments have yet been performed on states
with unstable ballast zones.
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Fig. 4. Character of the pulsations in
complete-circuit instability during startup
with an elevated sodium flow rate.

HoWevef, in [5] results are given from startup conditions ina direct-flow generator
heated by liquid sodium.

The generator model involved a I-shaped scheme and was represented by a section con-
sisting of a seven-tube evaporator module where the medium rises and a separate five-tube
superheater section with the working medium descending. In the startup state at constant
ptessure (startup 5), general instability inthe loop was detected (Fig. 4), which was un-
-affected by the degree of throttling in the water flow rate over the range 0.2-5 MPa. Here
the temperature of the medium at the outlet from the superheater tubes tout Oscillated in
the range between the saturation temperature and the sodium inlet temperature Ti,. Insta-
bility was also found with the following working parameters (average ones): heating-medium
flow rate G and working-medium rate D of 12,700 and 239 kg/h correspondingly, pressure of
working medium 4.2 MPa, sodium temperature at the inlet about 277°C. The data enable one
txadetermine.kﬁr which can be compared with the given flow-rate ratio. The calculations
show that kgr * 56-57, while the ratio of the flow rates during the experiment was 53-55,
i.e., on aveérage it was slightly below the critical value. Features of these nonstationary
conditions wete that the temperature of the medium varied fromtg and Ty, and that the ampli-
tude of the fluctuations was independent of the degree of throttling at the inlet, which in-
dicates that the general instability is due to displacement of the ballast zone over the
heating surface. Thermal calculations on a generator with a flow-rate ratio close to criti- ‘
cal showed considerable numerical instability, which may reflect the unstable position of the
ballast zone under real conditions.

Therefore, when one examines the hydraulic stability at low power, it is necessary to
consider the possible pulsating states ‘associated withunstable positioning of the ballast
zone, which may affect known forms of hydrodynamic flow instability. Therefore, particular
attention should be given to choosing the working parameters for startup modes and low loads,
in order to eliminate the economizer ballast zone or restrict its occurrence. It is recom-
mended to choose the flow-rate ratio from the cdondition

‘ cr  1Aig—i) ’
G/D=1.1ky =77 (6)

where the generator will work with a stable ballast zone in the superheater. The safety
margin in (6) should be chosen to provide an adequate single-valued range in the hydraulic
characteristic near the working point.
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CIRCULATION CHARACTERISTICS OF A NATURAL-CIRCULATION LOOP
IN A LARGE-SCALE MODEL FOR A WEAKLY BOILING REACTOR

N. S. Al'ferov, A. S. Babykin, B. F. Balunov, UDC 621.039.553.34
V. V. Vakhrushev, V. S. Kuul', and E. L. Smirnov :

There has recently been research on weakly boiling pressurized-water reactors(xggt < 4Z%)
with natural circulation (NC) in the first loop, which has increased interest in the circula-
tion characteristics of NC loops having near-natural heights, hydraulic-resistance coeffi-
cients for the individual components, and work1ng parameters (Fig. 1). Table 1 gives the

loop characteristics.

The core simulator consisted of 61 uniformly electrically heated pins of diameter 14 mm
and height 3 m, which were located in a six-faced jacket with an internal dimension under the
keys of 148 mm. The pins were arranged on an equilateral triangle with a pitch of 18.7 mm.
Over the height of the simulator there were uniformly placed five spacing grids of honeycomb
type with relative transmission cross section Fgs/Fco = 0.89.

The coolant parameters at the inlet to the simulator and at the outlet were as follows.
outletpressure pout =1,7-2.3; 3.3-3.8; 4.3-5.0 MPa; water underheating at inlet (Atund)co

- tin = 20-90°C, and balance weight steam content at outlet x°“tfrom -9 to 3.2%.

In the experiements, the simulator power N., was varied from 0.4 to 1.8 MW, with q =
50-230 kW/m2, while the measured water circulation speed in the simulator was from 0.3 to 1.2
m/sec.

To obtain a wider speed range, some of the experiments were performed with the hydraulic
resistance increased by a factor 40 not only in the rising column but also in the single-phase

TABLE 1. Geometrical Characteristics and
Values of the Reduced Hydraulic Resistance
Coefficient lye for the NC Loop in the Model

- . gl N .‘
- Component g |a S E| &2 gk g
2 |85 2554] »
S EIOS 2|88 3 [V
Core ‘
simulator N 3,0 9,35 11,7 9.4
Simulator for rising B
gfirg (in-
ividual) 3,5 | 15,0 63,7 1,28
Simulator for com-
mon rising part 3,7 16,5 145 1,22
Descending part with-
out throttling X
washer = — . — 2,5
Throttling washer
T
orms) 0,005|4,65/2,74| 77/59 | 6,7/21,8
NC loop - — — 21,1/36,2

Translated from Atomnaya Energiya, Vol. 58, No. 3, pp. 159-162, March, 1985. Original
article submitted January 17, 1984.
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(

Fig. 1. Design for the experimen-
tal NC loop: 1) condenser; 2) com-
mon rising part simulator; 3)
thermal screen; 4) heat exchanger;
5) simulator for individual rising
- part; 6) descending bypass tube;
7) core simulator; 8) interchange-
able throttle washer; 9) plug;
10) overflow window; I) cooling
water inlet; II) air inlet.
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Fig. 2. The (APhy/APdg)sp = f(iQut - io.v.s.b,)
relationship for p = 1.7-5.0 MPa for pw = 100-110

kg/(m?.sec) (a); pw = 410-750 kg/(m%.sec) (b); o,
0,9, ®,0,0, o, A) q = 25-37; 37-50; 50-75; 75-
100; 100-125; 125-150; 150-175; 175-200; 200-225
kW/m? correspondingly. -

(water) part of the NC loop. For this purpose, throttling washers were inserted. in ‘the lower
part of the descending branch in the NC loop (Fig. 1, position 8), and also at the inlet and.
outlet of the rising prt. Also, the cross section of that part was reduced and the height
was reduced somewhat (to 6.1 m). Then the volume of the through section of the part was re-
duced by a factor 2.81. The experiments were performed in series, in which the through sec-
tion of the throttling washer was varied. The hydraulic-resistance coefficient in the de-
scending branch of the NC loop varied from 280 to 1130 as referred to the cross section of

183

Declassified and Approved For Release 2013/03/11 : CIA-RDP10-02196R000300060003-3 =
I AVl QLT TV TV VR T VL TGV &V TPV T WPV TV VA | VAWV V VWV VVVV VW W




Declassified and Approved For Release 2013/03/11 ; CIA-RDP10-02196R000300060003-3

V) Rpl oW -
..Q. v

| 1 $ -, 'l H

I

- 7
Q“q, 2
Xio 70

Fig. 3. The G = £(xQUt) relationship for
p = 1.7-2.3 MPa for N., = 1760 (e); 1580-
1630 (O); 1430-1560 (@) and 1110-1340 kW
(4); a-c) calculation for p = 2 MPa, Ngo =
1600 kW: a) calculation of @ [3] and ¥
[1]; b) ® [2, 4] and ¥ [1]; c) ¢ and ¥
[410 V :
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Fig. 4. The G = £(xQ4t): o'and @) N =
1530 and 1730 kW, p = 3.3-3.8 MPa;0)

Ngo = 1730 kW, p = 4.3-5.0 MPa (for symbols
a-c, see Fig. 3, p = 3.5 MPa).

the core simulator (reduced hydraulic resistance coefficient), which constituted 61-86% of
the reduced hydraulic resistance coefficient of the entire NC loop:

=i 3 (e g+ t) 7).

where C% is the reduced hydraulic-resistancé coefficient for the descending branch of the
NC circuit, F.o is the cross sectional area of the core simulator, Afy is the frictional co-
efficient, and gy is the local hydraulic-resistance coefficient.

This series of experiments was performed with the above ranges in pQut (At yng)iB, xQut.
and water circulation speeds of 0.084-0.25 m/sec. With values of xQYtclose to zero, there
was a considerable effect on the circulation characteristics from the nonequilibrium scheme,
as recommendations on determining the amount of this had not been thoroughly tested for

these conditions.

Programs for the thermohydraulic calculation of stationary NC characteristics were put
into correspondence with the experimental data. The algorithm was based on recommendations
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tor incorporating the ettects of equilibrium and nonequilibrium steam [1-5]: for the core
simulator (the part generating nonequilibrium steam) we used the recommendations of [2-4],
while for the rising part we calculated the true volume steam content @ by determining the
'steam condensation rate in the flow of underheated water by means of [2, 3], while for the
equilibrium two-phase flow was calculated by the method of [5]. <

The program was written in FORTRAN for the ES-1033 computer.

The experiments with the single-phase coolant (xQ4t < -2.5%7) gave satisfactory agree-
ment between the driving head (Apdy) and the hydraulic resistance (Aphy), where the values
were determined from measurements on the flow rate and temperature. The hydraulic resistance
coefficients were calculated in accordance with the recommendations of [1, 6, 7]. )

The discrepancies between Apdy and Aphy were not more than 87, while the error in de-
termining the flow rate was #3% and there is only a small relative density difference in the
water (Pmax = Pmin)/(Pmax + Pmin) = 0.02-0.04, so this is to be taken as satisfactory.

The small density difference for the coolant in the rising and descending parts of the
eircuit, as is usual for a single-phase coolant, means that any increase in the flow rate is
closely related to the occurrence of nonequilibrium steam in the rising part. To determine
the onset of vigorous surface boiling (the start of steam-bubble detachment in the flow of
underheated water), we used the formula [6]

i o l( adh )n,os( Wodh)ﬂ.z
lo.v.s.b,=7.5 pw \ 7p™v’ v s (1)

where q is the specific heat flux at the heating surface; p, density; w, speed; r, latent
heat of evaportion; v, kinematic viscosity; and dp, hydraulic diameter; a prime relates to
water and two primes to steam, and to check (1) in processing the experimental data for
ngt < 0, wé used the relationship : )
( Ap'h}'

Apdy)sp ::fazzt—“k;wab.)- 2)

In determining Appy and Apgy, we neglected the steam in the coolant flow. Vigorous surface
boiling corresponds” to (Aphyizdy)sp > 1, since in this loop the increase in the driving head
for the small steam content in the rising part greatly exceeds the relative increase in the
hydraulic resistance associated with the steam, i.e., Oppy = Apgy for the NC, which may be

written for a two-phase flow as s w® .
Aphg +6Aphy:: Ap*(‘ls}f,’ +-6A Pdg,

and for 6Apﬁ$ > GApgg leads to the inequality

S Sp
, Ap_hg z Apdy :
- . Figure 2 shows the processing results. Formula (1) describes the experimental data ac-

:Eu?ately throughout the ranges used: p = 1.5-4.0 MPa, q = 25-255 kW/m?, and pw = 85-750 kg/
m?.sec.

‘When there is steam in the circuit (igYt > iy y.s.p.)s We obtained satisfactory agree-
ment between the calculations and experiment for the flow rate on calculating ¢ in accord-
ance with the recomendations [2-4] and the inhomogeneity coefficient for the two-phase flow
¥ from the recommendations of [1] (Figs. 3 and 4). Less satisfactory results were obtained
on calculating ¥ from the recommendations of [4].
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CORROSION PROTECTION OF A PEARLITIC STEEL IN THE STALLED
(SHUTDOWN) AND TRANSIENT (TRANSITORY) REGIMES OF A NUCLEAR
POWER SYSTEM

V. V. Prozorov ' UDC 620.197.2

The time required for preconditioning the nuclear power plant equipment and systems be-
fore putting into operation varies from a few months to a year {1]1. All through this period
the equipment is under unfavorable corrosive conditions (poor quality of the supplied water,
variable thermal and hvdrodvnamic regimes, exposure to atmosphere, etc.). The existing meth-
ods of corrosion protection of the thermal power equipment made from the pearlitic steels
must not be mechanically adopted for the nuclear power units because of the intricacy of con- )
struction and the more stringent specifications with regard to the corrosion resistance of
the materials and the quality of the coolant. In recent years there have been publications
{2, 31 indicating high corrosion resistance of the pearlitic steels in high-purity water with
oxygen or hydrogen peroxide dosing at a temperature of nearly 300°C. In such studies it has R
 been noted that the corrosion rate of this steel in an oxygen-containingflowing water is less |
than that of the stainless steels ‘in neutral water [4]. However, the unsolved problem of
corrosion in the stalled and the transient regimes sets a limit to the application -of the
pearlitic steel as a structural material for the nuclear power systems. The use of corrosion
inhibitors does not completely solve the problem of equipment protection, since their pro- '
tective properties become apparent only in a narrow temperature range. Besides this, the N
necessity of maintaining a high concentration of these inhibitors leads to an increased time ‘
loss for their removal (extractidn) from the circuit (loop) before changing over to the sta-
tionary regime because of the procedure of multiple regeneration (restoration) of the filters.
Furthermore, an insufficient concentration of the anodic inhibitors causes pitting corrosion
of the metal. Although prior oxidation decreases the corrosion rate, rupture of the protec-
tive films occurs in the stalled regimes at a low temperature (20-80°C) leading to pit for-
mation [5]. The corrosion rate of an oxidized metal ranges from 1.4 up to 11.4 g/(m?.day) at
8o°c [1, 6]. -

In spite of numerous publications on the effect of the corrosion inhibitors on the metals ,
in their initial state, there is not enough data on the corrosion behavior of the previously |
oxidized steels in the inhibitor solutions. The conducted studies revealed a significant dif- '
ference between the corrosion behavior of the oxidized and the unoxidized pearlitic steels in
the inhibitor solutions.

In the present studies on the corrosion of the pearlitic steels in the inhibitor solu- !
tions, the "steel 20" specimens were oxidized using: _ b

an ammonium nitrate (5 g/kg) solution at 95°C for a period of 0.5 h at pH = 5.5 and 7.5;

a hydrazine (0.4 g/kg) solution with addition of ammonia to adjust up to pH = 10.5 at
160°C for 16 h; and

an iron nitrate (0.3g/kg) and hydrogen peroxide (0.05 g/kg) solution at 95°C for 1 h with
periodic (supplementary) additions (0.05 g/kg at 15-min intervals) of hydrogen peroxide
to the solution [7]. :

The specimens oxidized in the ammonium nitrate solution at pH = 5.5 were subsequently
held in sodium hydroxide solutions (0.16 g/kg) at different temperatures, and .also. in an
aqueous coolant that meets the specification OST 25743-79 ("The coolant quality for the nu-

~Translated from Atomnaya Energiya, Vol. 58, No. 3, pp. 162-166, March, 1985. Original
article submitted October 31, 1983.
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TABLE 1. Protective Inhibitor-Concentration
(mg/kg) for the Steel 20 in Desalted Water
( »= 0.1-0.3 pmho/cm) at 20°C

Specimens
oxidizedin| & [ Sa
ammonium| . o o8
- nitrateso- }.a’ ¢ =5 5 :
5 Q lution ata BE u[BcbE0
2 = pH: N Q2o|NIE Ry
= 9 5,5 1.5{9 8552283
E Bl §CEE[RGEZE
NaNoO, 50 5 0,3 0,1 0,02
NaOH : 10 [ 10 3 8 0,1
NH,O0H 115 13 4 | 15 0,15
K,Cro, 70 230 230 200 9N
Na,CO,4 2200 600 500 450 | 300
Na,B,0, 2000 | 1400 12000 | 1100 800
| NagHPO, 12500 1200 4100 | 1000 500
| NH,;VO, 1200 250 200 180 8
(C.H, )N 800 100 60 55 15
(CoH;)oNH 700 80 40 40 10
K,|Fe(CN),4] 1800 700 700 70 500

TABLE 2. Protectlve Inhibitor-Concentration
(mg/kg) for the Steel 20, Oxidized in Ammonium
Nitrate Solution and Held under Different
Conditions, in Desalted Water ("— 0.1-0.3
umho/cm) at 20°C

Inhibitor

Oxidized specimens |
. NaNO: | NaOH NH4OH
| ’ .

Hold in NaOH solution
(0.16 g/liter) for a pe-
riod of 1000 h at a
| temp., °C
20 i 0,5
60 : 0,2
200 0,03 .7
270 _ 0,00 3
Hold in the agueous cool-
~  ant at the Leningrad
NPP at a temp.,

160 (8950 h) - 0 3 3

J 270 (8030 v) 0.2 2 2

= WO
= Tk

=

TABLE 3. Protective Inhibitor—Concentration
(mg/kg) for the Steel 20 in Desalted Water
(%x=0.1-0.3 umho/cm) at Different Tempera-

- tures
Inhibitor. Surface Temp-, T
condition 200 501160{150{200[250]/300
NaNO, Not oxidized S0[2061400) — | —~ | — [ —
Oxidized in 5| T 12{18] 25| 40| 45|
NHNO,
NaOH . "Not oxidized 11011701230) — | — | — | —
Oxidized in 10y 15{ 35} 75 {105{115[105)
NHgNOg
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Fig. 1. Dependence of the protective
concentration of sodium nitrite on the
aggressive-ion concentration for the
steel 20 at 20°C: 1, 3, 4) unoxidized
specimens; 2, 5, 6) specimens oxidized
in ammonium nitrate solution: X)
Na,80,; O) NaCl; ®) NaNO,. The area
above the respective curves represents
the protective zone (total suppression
of corrosion), and the area below the
curves represents corrosion zone (cor-
rosive failure of specimens).
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Fig. 2. Effect of sodium nitrite con-
centration on the corrosion rate of the
oxidized steel 20 in desalted water at
20°C for 100 days: oxidized by the hy-
drazine-ammoniac method (1), in ammonium
nitrate solution at pH = 7.5 (2) and

pH = 5.5 (3).

clear power plants with the RBMK type reactors, and the methods of ensuring and controlling
the quality") in a deaerator at 160°C for a period of 8950 h and in a circuit of multistage
forced circulation (at 270°C) for 8030 h, and the specimens were then subjected to the cor-
rosion tests. We determined the corrosion rate of the specimens in the solutions over a pe-
riod of 100 days and the minimum protective inhibitor-concentration at which complete sup-
pression of corrosion is achieved (i.e., at which there is no change in the specimen weight
and the iron content in the solution does not increase). In order to determine the minimum-
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TABLE 4. Corrosion Rate of the Steel 20,
Oxidized in Ammonium Nitrate Solution (pH =
5.5), in Desalted Water (%= 0.5-0.8 umho/
cm) and NaNO, Solutions at 60°C for 10 Days

Inhibitor General cor- Nature of
conen,, frll?re]c::ate' rosion rate, corrosion
mg/liter g/(m? - day)
0 0 0,51 | Pitting -
0 1-—-3 0,22 Pitting
1 0 0,44 Pitting
1 1—3 0,04 Uniform
5 0 0,32 Pitting .
5 1-3 < 0,005 Uniform
14 0 0,01 Uniform
10 1-3 << 0,005 Uniform

concentration, the experimental specimens were immersed in the solutions having different in-
hibitor concentrations, and were held for 15 days. An abrupt transition to complete sup-
pression of corrosion could be observed visually.

The data of Table 1 shows that prior oxidation of the steel sigificantly deceases the
protective concentration of all the inhibitors with the exception of chromates in that the ni-
trites and hydroxides of alkali metals possess the best protective properties. The protec-
tive concentration of these inhibitors depends on the method of oxidation, and can be sharply
reduced as compared tc that used in case of the unoxidized metal (Tables 1 and 2). The most
effective protection of the oxidized pearlitic steel is obtained using a solution of the in-
hibitor in desaited (salt-free) water. The presence of activating ions in the solution ne-
cessitates an increase in the protective inhibitor concentration. The sulfate ions present
in the inhibitor solutions are particularly aggressive with respect to the pearlitic steel
(Fig. 1).

We underline the fact that while the corrosion of a nonpassivated steel can be totally
suppressed up to a temperature of 100°C using the inhibitors, we observe total suppression
of corrosion of an oxidized steel in the alkali metal nitrite and hydroxide solutions in the
entire temperature range of our study (from 20 up to 300°C). The minimum inhibitor concen-
tration required for suppressing corrosion increases with increasing temperature in that the
protective concentration is considerably higher for an unoxidized steel as compared to an
oxidized steel (Table 3).

The laboratory bench tests showed that the effectiveness of the inhibitor-aided corro-
sion-protection of the oxidized steel is higher in the dynamic regime than in the static
regime. A smaller inhibitor concentration is required for achieving complete suppression of
corrosion in the dynamic regime. Corrosion of the specimens is considerably slowed down,
and is uniform even when the inhibitor concentration is insufficient for complete suppres-
sion of corrosion (Table 4).

When the oxidized specimens are held under static conditions in desalted water or at

-an insufficient inhibitor concentration, rupture of the oxide films cccurs with subsequent

loss of their protective properties in that the oxide layer is completely destroyed at some
places within the very first 100 h.

In the absence of variations in the temperature and the quality of desalted water, the
corrosion process is completely suppressed at a particular inhibitor concentration that de-
pends on the method of oxidation (Fig. 2).

Our studies showed that during the process of holding the specimens in solution having
an inhibitor concentration sufficient for suppressing corrosion, the protective properties
of the oxide films are gradually improved, and, in particular, suppression of corrosion is
observed at a smaller inhibitor concentration (see Table 2) in that an increased solution
temperature enhances this improvement. Some improvement in the protective properties of the:
films is also observed when the "steel 20" specimens, subjected to prior oxidation in ammo-
nium nitrate solution, are held in a flowing aqueous coolant that meets the property spe-
cification OST 95743-79. This can be attributed to the high quality of water, the increased
temperature, and the corresponding stable passive state of the steel.
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Electron microscopic study of the film morphology established that recrystailization of
the primary oxide films occurs when the oxidized specimens are held in sodium nitrite (60
mg/kg) and sodium hydroxide (160 mg/kg) solutions at 60°C (i.e., at an inhibitor concentra-
tion sufficient for suppressing corrosion). The inhomogeneities of microrelief act as the
nucleation sites for recrystallzation. With increasing holding period, recrystallization
progressively assumes a more general character. During this process, the protective prop-
erties of the oxide film are improved (see Table 2). X-ray structural analysis did not re-
veal any new phases except magnetite.

It is known that at high temperatures the trivalent iron oxide becomes a thermodynam-
ically stable phase [8], and indeed, electron diffraction studies revealed the presence of
maghemite (which improves the protective properties of the oxide films) on the surface of
the specimens held in NaOH solution (160 mg/kg, 270°C) besides magnetite. In the oxidized
specimens held in NaNO, solution (60 mg/kg) at 270°C, besides magnetite, an insignificant
quantity of hematite is present on the specimen surface. In view of the fact that at a tem-
perature exceeding 100°C there occurs partial dissociation of nitrites according to the re-
action [9]

2NaNO, + H,0 = 2NaOH + 1/,0,+ N,,

the excess amount of the liberated oxygen can lead to a more complete conversion (rearrange-
ment) of magnetite into hematite which does not have a spinel structure, and in pure form,
it does not possess the protective properties. Thus, in case sodium nitrite is used, there
is an upper limit of concentration (70 mg/kg) above which one cannot achieve complete sup-
pression of corrosion of an oxidized steel at a temperature exceeding 100°C. Hematite forms
even when the specimens are held in NaOH solution if there is a considerable amount of oxy-
gen in the system.

At e temperature above 100°C the upper limit of protective concentration of sodium hy-
droxide was found to be 200 mg/kg. Corrosion reappears at higher concentrations. The in-
teraction of the oxide films with the alkali produces dissolvable ferrites. In this case,
the dissolution process assumes a localized character.

Thus, when the oxidized steel is held in the inhibitor solutions, complex physicochemi-
cal processes occur which change the structure and the phase constitution of the oxide films,
and thereby, affect their protecting ability. It follows from the data presented here that
the protective inrhibitor concentration depends on the method of passivation, the temperature,
the quality of desalted water, the flow rate, and the duration of holding the steel in the
solution. The significant reduction in the protective concentration of the dissolvable ni-
trites and hydroxides and the widened temperature range in which these inhibitors exhibit
protective properties permit us to recommend them for protecting the previously oxidized
power-equipment in the stalled and the transient regimes. As the nuclear power system at-
tains the stationary state, the oxide films become dense (thick) and water becomes free from
aggressive ions, owing to which the inhibitor can be withdrawn from the circuit (when there
is total suppression of corrosion), and at this stage, it is advisable to introduce specific
doses of oxygen or hydrogen peroxide into the system. When the nuclear power system is shut
down for maintenance, it is essential to add the corrosion inhibitor again for avoiding the
rupture of oxide films under the stalled conditions. In this case, the inhibitor concentra-
tion required for complete suppression of corrosion, even under the conditions of depres-
surization and saturation of the system with oxygen and carbon dioxide, can be considerably
reduced as compared to the concentration required for the corrosion protection of a nonpassi-
vated metal.

The choice of the inhibitors depends on the specific service conditions of the equip-
ment: the ionizing radiation, tightness of the system, the reactor type, the temperature,
the presence of other structural materials in the system, etc.

Among the examined methods of oxidizing the pearlitic steel, using ammonium nitrate so-
lution is not the best because of the formation of a significant.quantity of insoluble ferric
oxide lepidocrocite compounds which contaminate the circuit during the process of condition-
ing the equipment. The hydrazine-ammoniac oxidaticn method requires a high temperature
(above 140°C). Hydrazine hydrate is fire hazardous and toxic. Treating the pearlitic steel
.with iron nitrate and hydrogen peroxide solution does not suffer from these shortcomings
and the oxide films formed possess better protective properties.
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The given technological solution formed the main postinstallation chemical treatment of
the internal surfaces of the condensate supply channel of the fourth block of the Chernobyl'sk
Nuclear Power Plant. The equipment and the channel piping (surfape area greater than 5000
m? and volume 1200 m?) made from the pearlitic steel were treated with nitric acid solution
of 60 mg/kg concentration at 95°C for 4 h (during this treatment iron nitrate forms in the
system). Thereafter, we introduced hyrogen peroxide (5 mg/kg) into the circuit and continued
the treatment for 1 h at the same temperature. After water treatment in the ion-exchange
filters until an electrical conductivity of 0.6-0.7 pumho/cm is obtained, sodium nitrite was
added to the system up to a concentration of